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We present first-principles calculations of the vibrational properties of the transition metal
dichalcogenide 1T-TaS2 for various thicknesses in the high-temperature (undistorted) phase and
the low-temperature commensurate charge density wave (CDW) phase. We also present measure-
ments of the Raman spectra for bulk, few-layer, and monolayer samples at temperatures well below
that of the bulk transition to the commensurate phase. Through our calculations, we identify the
low-frequency folded-back acoustic modes as a convenient signature of the commensurate CDW wave
structure in vibrational spectra. In our measured Raman spectra, this signature is clearly evident in
all of the samples, indicating that the commensurate phase remains the ground state as the material
is thinned, even down to a single layer. This is in contrast to some previous studies which suggest
a suppression of the commensurate CDW transition in thin flakes. We also use polarized Raman
spectroscopy to probe c-axis orbital texture in the low-T phase, which has recently been suggested
as playing a role in the metal-insulator transition that accompanies the structural transition to the
commensurate CDW phase.
PACS numbers: 63.22.Np, 78.30.Er
I. INTRODUCTION
The 1T polymorph of bulk TaS2, a layered transition-
metal dichalcogenide (TMD), has a rich phase dia-
gram that includes multiple charge density wave (CDW)
phases that differ significantly in their electronic proper-
ties. At temperatures above 550 K the material is metal-
lic and undistorted. Upon cooling, it adopts a series of
CDW phases. An incommensurate CDW structure (I)
becomes stable at 550 K, a nearly commensurate phase
(NC) appears at 350 K, and a fully commensurate CDW
(C) becomes favored at about 180 K. At each transi-
tion, the lattice structure distorts and the electrical re-
sistivity increases abruptly. In the C phase, 1T-TaS2
is an insulator.1–3 Upon heating, an additional triclinic
(T) nearly commensurate CDW phase occurs roughly be-
tween 220-280 K.4 While the 1T-TaS2 phase diagram is
well studied,1–10 the exact causes of the electronic and
lattice instabilities remain unclear. Electron-electron in-
teractions, electron-phonon coupling, interlayer interac-
tions, and disorder may all play a role. It has long been
assumed, for example, that electron correlations open up
a Mott-Hubbard gap in the C phase.11 Recent theoreti-
cal work, however, suggests that the insulating nature of
the C phase may come from disorder in orbital stacking
instead.12,13
Advances in 2D material exfoliation and growth have
enabled studies of how dimensionality and interlayer in-
teractions affect the phase diagram of 1T-TaS2. Some
groups have reported that samples thinner than about
10 nm lack the jump in resistivity that signals the transi-
tion to the C CDW phase.10 However, this may not be an
intrinsic material property, as oxidation may suppress the
transition. Indeed, samples as thin as 4 nm—when envi-
ronmentally protected by encapsulation between hexago-
nal BN layers—retain the NC to C transition.14 Whether
the C phase is the ground state for even thinner sam-
ples, and whether this leads to an insulating state, remain
open questions.
Materials that exhibit abrupt and reversible changes in
resistivity are attractive for device applications, partic-
ularly when the transition can be controlled electrically.
Ultrathin samples may exhibit easier switching than bulk
materials due to reduced screening and higher electric-
field penetration. Hollander et al. have demonstrated
fast and reversible electrical switching between insulat-
ing and metallic states in 1T-TaS2 flakes of thickness 10
nm or more.15 Tsen and coworkers have electrically con-
trolled the NC-C transition in samples as thin as 4 nm
and identified current flow as a mechanism that drives
transitions between metastable and thermodynamically
stable states.14 Focusing on the C phase rather than the
NC-C transition, theoretical work indicates that in few-
layer 1T-TaS2 crystals, the existence or absence of a band
gap depends on the c-axis orbital texture, suggesting an
alternate approach to tuning or switching the electronic
properties of this material.13
Raman spectroscopy has been a powerful tool for char-
acterizing 2D TMDs.16–24 Because the phonon frequen-
cies evolve with the number of layers, Raman spec-
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2troscopy offers a rapid way to determine the thick-
ness of few-layer crystals.25 Raman spectra can also
reveal information about interlayer coupling,22,23,26,27
stacking configurations,28 and environmental effects like
strain and doping.21 For these materials, the interpreta-
tion of measured Raman spectra has benefited greatly
from theoretical analyses utilizing symmetry principles
and materials-specific first-principles calculations. Thus
far, theoretical studies of TMD vibrational properties
have focused on the 2H structure favored by group-VI
dichalcogenides like MoS2 and WSe2.
21
We present a symmetry analysis and computational
study of the Raman spectrum of 1T-TaS2 in the undis-
torted normal 1T phase as well as in the low-temperature
C phase, alongside Raman measurements of the latter.
The symmetry of the 1T structure differs from that of the
2H structure, and different modes become Raman active
in the normal phase. In the C phase, a Brillouin zone
reconstruction yields two groups of folded-back modes,
acoustic and optical, separated by a substantial gap. The
low-frequency folded-back acoustic modes serve as a con-
venient signature of the C phase. In our measured Raman
spectra, this signature is evident even in a monolayer.
This is in contrast to some previous studies10,14,29,30
which suggest a suppression or change in nature of the
C phase transition in thin flakes. We also investigate the
effects of c-axis orbital texture on the Raman spectra and
use polarized Raman measurements to narrow down the
possible textures.
II. DESCRIPTION OF CRYSTAL STRUCTURES
A single ‘layer’ of TaS2 consists of three atomic layers:
a plane of Ta atoms sandwiched between two S planes. In
each plane, the atoms sit on a triangular lattice, and in
the 1T polytype, the alignment of the two S planes results
in Ta sites that are nearly octahedrally coordinated by
S atoms; the structure is inversion symmetric. The bulk
material has an in-plane lattice constant of a = 3.365 A˚,
and an out-of-plane lattice constant of c = 5.897 A˚.5,9
In the C CDW phase, two concentric rings, each con-
sisting of six Ta atoms, contract slightly inwards to-
wards a central Ta site (∼ 6% and 3% for the first-
neighbor and second-neighbor rings, respectively), form-
ing 13-atom star-shaped clusters in the Ta planes (Fig.
1). The in-plane structure is described by three CDW
wave vectors oriented 120◦ to each other, resulting in
a
√
13a × √13a supercell that is rotated φCDW = 13.9◦
from the in-plane lattice vectors of the primitive cell. The
S planes buckle outwards, particularly near the center
of the clusters, inducing a slight c-axis swelling of the
material.31
The vertical alignment of these star-of-David clusters
determines the so-called stacking of the C phase. Be-
cause the electronic states near the Fermi level are well
described by a single Wannier orbital centered on each
cluster, the stacking arrangement of the clusters is also
referred to as c-axis orbital texture. In hexagonal stack-
ing, stars in neighboring layers align directly atop each
other. In triclinic stacking, stars in adjacent layers are
horizontally shifted by a lattice vector of the primitive
cell, resulting in a 13-layer stacking sequence. Some ex-
periments suggest that the clusters in the C phase align
in a 13-layer triclinic arrangement,32–34 while others have
suggested mixed35 or even disordered5,36 stacking. Inter-
estingly, the precise stacking sequence strongly affects the
in-plane transport, due to the overlap between laterally
shifted Wannier orbitals in adjacent layers.13,37
III. METHODS
A. Computational Methods
Density functional theory (DFT) calculations were per-
formed with the Quantum Espresso38 package. The
electron-ion interaction was described by ultrasoft
pseudopotentials,39 and the exchange-correlation inter-
action was treated with the local density approximation
(LDA).40 Electronic wave functions were represented us-
ing a plane wave basis set with a kinetic-energy cut-off
of 35 Ry. For 2D materials (monolayer, bilayer, and few-
layer), we employed supercells with at least 16 A˚ of vac-
uum between slabs. For the undistorted 1T structure,
we sampled the Brillouin zone using grids of 32× 32× 16
and 32× 32× 1 k-points for bulk and few-layer systems,
respectively. For the C phase, 6 × 6 × 12 and 6 × 6 × 1
meshes were used for bulk and 2D systems, respectively.
An occupational smearing width of 0.002 Ry was used
throughout.
Bulk structures were relaxed fully, including cell pa-
rameters as well as the atomic positions. For few-layer
structures, the atomic positions and the in-plane lattice
constants were optimized. The frequencies and eigenvec-
tors of zone-center phonon modes were calculated for the
optimized structures using density functional perturba-
tion theory, as implemented in Quantum Espresso.38
To investigate the effect of c-axis orbital texture in
the bulk C phase, we considered two different supercells,
referred to as the hexagonal and triclinic cells. Both cells
have in-plane lattice vectors A = 4a+ b and B = −a+
3b, where a and b are the in-plane lattice vectors of the
undistorted cell, as shown in Fig. 1. The hexagonal cell
has C = c, where c is perpendicular to the plane, while
the triclinic cell is described by C = 2a + 2b + c (Fig.
1). In the triclinic cell, the central Ta atom in a cluster
sits above a Ta in the outer ring of a cluster in the layer
below.
B. Experimental Methods
Multilayer 1T-TaS2 was obtained by mechanical exfoli-
ation onto Si/SiO2 (300 nm) from bulk 1T-TaS2 crystals
3FIG. 1. (Color online) An illustration of the Ta plane and
Brillouin zone reconstruction under the lattice distortion of
the C phase. The blue cells represent the real space unit cell
of the undistorted lattice (defined by the lattice vectors a and
b) and the corresponding first Brillouin zone. The green cells
represent the super cell of the C CDW lattice (defined by the
lattice vectors A and B) and the corresponding first Brillouin
zone. The dotted lines indicate the lateral shift of a supercell
in an adjacent Ta plane under triclinic stacking.
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synthesized via chemical vapor transport (CVT).41 Op-
tical microscopy was used to identify various thicknesses
of exfoliated flakes, and atomic force microscopy (AFM)
was used to measure flake thickness. The Supplemental
Material42 contains the results and corresponding images
for these measurements. Raman spectra were collected
via a Horiba LabRAM HR Evolution Raman spectrom-
eter with 488 nm Ar/Kr wavelength laser and 1800/mm
FIG. 2. (Color online) Optical modes of 1T bulk and mono-
layer structures: (a) Eg and A1g modes (b) Eu and A2u
modes. Gray spheres represent Ta; yellow spheres represent
S.
(a) (b)
Eg Eu
A1g A2u
Raman-active IR-active
inversion symm. inversion symm.
preserving breaking
grating. The laser power at the sample surface and the
integration time were sufficiently low to prevent damage
to the sample. Back-scattered measurement geometry
was adopted and the laser was focused on the sample
through a 50× objective, with a 1 µm spot size. The
sample was kept in a sealed temperature stage, with pres-
sure being less than 1×10−2 torr to minimize oxidation
during the measurement. The measurement temperature
was controlled from 80 K to 600 K in a cold-hot cell with
a temperature stability estimated to be ±1 K. Polarized
Raman spectra were collected with the relative angle of
polarization between the incident and measured light (θ)
varied between 0 and 90◦.
IV. RESULTS AND DISCUSSION
A. Undistorted 1T-TaS2
The undistorted phase of bulk 1T-TaS2 is stable above
550 K. We did not measure Raman spectra in this tem-
perature range because our samples showed signs of dam-
age. Nevertheless, a theoretical study of the vibrational
modes is a useful starting point for understanding the
more complicated C phase.
The point group of the undistorted 1T structure is D3d
for both bulk and 2D crystals. The zone-center normal
modes belong to the representations Γ = n(A1g + Eg +
2A2u+2Eu), where n represents the number of layers ex-
cept for the bulk, where n = 1. One of the A2u and one
of the Eu representations correspond to acoustic modes.
The two-fold degenerate Eg and Eu optical modes in-
volve purely in-plane atomic displacements, while the A1g
and A2u optical modes involve only out-of-plane displace-
ments. The displacement patterns of the optical modes
for bulk and monolayer (1L) crystals are shown in Fig. 2.
Since the point group contains inversion, the A1g and Eg
modes, which preserve inversion symmetry, are Raman
active, whereas the A2u and Eu modes are IR active.
The zone-center phonon frequencies calculated for
monolayer and few-layer 1T-TaS2 are plotted in Fig.
3(a), and those for the bulk are shown in Fig. 3(b). The
modes separate into three frequency ranges: acoustic and
interlayer modes below about 50 cm−1, in-plane Eg and
Eu optical modes between about 230 and 270 cm
−1, and
high-frequency out-of-plane A1g and A2u optical modes
between about 370 and 400 cm−1. The low-frequency
interlayer modes are present when n > 1 and correspond
to vibrations in which each layer displaces approximately
rigidly, as illustrated in Fig. 4 for the bilayer (2L).
The 1T structure retains inversion symmetry regard-
less of the number of layers n. This is in contrast to the
2H structure, in which the symmetry depends on whether
n is odd or even. However, since the center of inversion
for an n-layer 1T crystal alternates between being on a
Ta site for odd n and in-between TaS2 layers for even
n (Fig. 4), the displacement patterns of Raman-active
modes differ depending on whether n is even or odd. We
4FIG. 3. (Color online) Calculated phonon spectra of
undistorted 1T-TaS2: (a) Γ phonons in few-layer crystals,
(b) Γ phonons in the bulk crystal, and (c) bulk phonons
at qcdw for hexagonal and triclinic stacking. In (a) and
(b), the doubly and singly degenerate modes have E and A
symmetry, respectively. In (c), the degeneracy corresponds to
the number of equivalent qcdw points in the Brillouin zone.
Unstable modes (imaginary frequencies) at qcdw are omitted.
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see this most clearly in the ultra-low-frequency regime.
The highest mode in this regime is always an interlayer
breathing mode (Fig. 4(b)) in which the direction of dis-
placement alternates from layer to layer. For odd n, this
mode is IR active, while for even n it is Raman active.
The same effect is evident in the high-frequency out-of-
plane modes.
To facilitate interpretation of the calculated and mea-
sured Raman spectra of the C CDW materials in Sec.
IV B, we show in Fig. 3(c) the phonon frequencies of bulk
undistorted 1T-TaS2 at the CDW wave vectors, qcdw, for
FIG. 4. (Color online) Simplified illustration of the low-
frequency phonon modes of a 1T bilayer: (a) interlayer shear
and (b) interlayer breathing. Gray spheres represent Ta; yel-
low spheres represent S. The dots represent inversion centers.
(a) (b)
shear breathing
FIG. 5. (Color online) Raman spectra of bulk (> 300 nm)
and thin (14.6 nm, 13.1 nm, 5.6 nm, and 0.6 nm) samples,
measured at 250 K (NC phase) and 80 K (C phase). All
the spectra are normalized to their strongest Raman peak,
indicated for the 0.6 nm curve by the arrow.
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hexagonal and triclinic stacking.43 Modes from the qcdw
and equivalent points fold back to the Γ point in the Bril-
louin zone of the C supercell (Fig. 1).44 For both types
of stacking, we find unstable modes (not shown), indi-
cating that the structure is dynamically unstable against
a periodic distortion characterized by qcdw. Based on
Fig. 3(c), we expect that upon C CDW distortion, the
folded-back acoustic modes will form a group near 100
cm−1 (shown in orange), separated from the folded-back
optical modes (shown in blue) by a gap of ∼ 100 cm−1.
These are in addition to the original zone center modes.
B. Commensurate CDW phase of 1T-TaS2
As in previous calculations,12,13,45 we find the C phase
energetically favorable compared with the undistorted
structure for all thicknesses. In the bulk, the system
lowers in energy by ∼ 9 meV/TaS2 and ∼ 13 meV/TaS2
for hexagonal and triclinic stacking, respectively. For a
monolayer, the energy lowers ∼ 23 meV/TaS2.
In the C CDW phase, the point group symmetry of a
monolayer reduces from D3d to C3i; inversion symmetry
is preserved. The normal modes at Γ are classified as
19Eg + 19Ag + 20Eu + 20Au, with 57 Raman and 60 IR
modes. For bulk or few-layer C CDW with hexagonal
stacking, the point group remains C3i. With triclinic
stacking (e.g. C = 2a + 2b + c), the symmetry further
reduces to Ci; only inversion symmetry remains, and the
normal mode classification at Γ becomes n(57Ag+60Au).
The black curves in Fig. 5 show the measured Raman
spectrum of a bulk sample of 1T-TaS2 on an SiO2 sub-
5strate. At 250 K (top panel), the sample is in the NC
phase. At 80 K (bottom panel), the sample is well be-
low the NC–C transition temperature (180 K). In going
from NC to C, new peaks appear in the 60–130 cm−1 and
230–400 cm−1 ranges. These spectra are consistent with
previous Raman studies of the bulk material.29,46–48
We calculated the phonon modes at Γ for the bulk C
structure with hexagonal and triclinic stacking. Fig. 6
shows the Raman-active modes alongside the frequencies
extracted from bulk Raman measurements of Fig. 5. Our
calculations and experiment are in general agreement in
that both find two groups of Raman-active modes, one
ranging from about 50-130 cm−1 and the other from
about 230-400 cm−1. These correspond to the folded-
back acoustic and optic modes, as anticipated in Fig. 3.
(A more detailed comparison of the theoretical and ex-
perimental Raman lines is presented later in this section.)
In 1T-TaSe2, unlike what we observe for 1T-TaS2, the
folded-back acoustic and optical groups overlap.44 The
smaller mass of S compared to Se raises the frequencies
of the optical group in TaS2. The presence of folded-back
acoustic modes and thus the C phase is easier to identify
in this material due to the frequency gap.
The red, blue, green and orange curves in Fig. 5 are the
measured Raman spectra for thin samples of 1T-TaS2:
14.6 nm (∼23 layers), 13.1 nm (∼21 layers), 5.6 nm (∼9
layers), 0.6 nm (1 layer). As far as we are aware, this is
the first report in the literature of the Raman spectrum
of monolayer 1T-TaS2.
We focus on the data taken at 80 K, where the bulk ma-
terial is in the C CDW phase. As the thickness is reduced
from bulk to monolayer, the Raman spectrum remains
largely unchanged, strongly suggesting that the C CDW
structural phase persists as the samples are thinned, even
down to a monolayer. The monolayer spectrum is re-
markably similar to that of the bulk (as well as to that
of the 14.6 nm and 13.1 nm samples). On the other
hand, the spectrum of the 5.6 nm sample, while similar,
shows some deviations. In particular, some of the fea-
tures are broadened, and there appears to be a higher
background in the 80 - 130 cm−1 range, which could be
FIG. 6. (Color online) (a) Raman lines measured for a bulk
flake, at 80 K. Calculated C phase Raman-active modes for
bulk: (b) hexagonal stacking (c) triclinic stacking. Eg modes
are doubly degenerate. Triclinic stacking has Ag modes only.
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FIG. 7. (Color online) (a) Raman lines measured for a
flake 0.6 nm thick, at 80 K. Calculated C phase Raman-active
modes: (b) monolayer, 3% strain (c) monolayer, no strain (d)
bilayer, hexagonal stacking (e) bulk, hexagonal stacking. For
clarity, red lines represent Ag modes and black lines represent
Eg modes. The Supplemental Material
42 contains the calcu-
lated C phase Raman-active modes for a bilayer with triclinic
stacking.
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due to the presence of additional, closely spaced peaks.
These changes do not necessarily indicate a change in
the C CDW lattice distortion. In general, in going from
a monolayer to a few-layer crystal, we expect weak in-
terlayer interactions to shift and split each monolayer
phonon line, as can be seen, for example, in our calcu-
lated results for the high-temperature undistorted phase
of few-layer 1T-TaS2 in Fig. 3. The differences in the
5.6 nm (∼9 layers) spectrum compared to those of the
bulk-like and monolayer flakes (Fig. 5) could arise from
such few-layer effects.
The thickness dependence of the NC to C phase tran-
sition has previously been investigated experimentally
using transport,10,14 electron diffraction,14 and Raman
measurements.30 Most of these studies have reported dif-
ficulty in obtaining the C phase in thin samples, though,
to our knowledge, none of them probed monolayer sam-
ples. One previous Raman study suggested that the C
phase is suppressed below thicknesses of about 10 nm at
93 K.29 It is not clear though, whether those samples
were protected from surface oxidation, which can affect
the transition. Studies of thin 1T-TaS2 samples that are
environmentally protected by a h-BN overlayer indicate
that the C phase persists down to 4 nm (∼ 7 layers).14,30
In addition, the diffraction and transport measurements
suggest the presence of large C phase domains in a 2
nm sample (∼ 3 layers) at 100 K, although a conducting
percolating path between the domains still exists. The
Raman spectra of this 2 nm sample at 10 K loses many
of the well-defined peaks.30 Since our Raman measure-
ments for the monolayer strongly indicate the C phase at
100 K, it may be that the barrier for the NC-C transition
is smaller for the monolayer than for few-layer samples.
This would be consistent with the suggestion that there
are distinct bulk and surface transitions, with the bulk
having a larger activation barrier.30 Alternatively, it is
6FIG. 8. Measured polarized Raman spectra of the C phase
for (top) a monolayer and (bottom) a 120 nm sample mea-
sured at 100 K. We show the frequency range which gave the
strongest signal. The spectrum changes significantly between
θ = 0◦ (parallel polarization) and θ = 90◦ (cross polariza-
tion). Red and black arrows indicate peaks with and with-
out polarization dependence, respectively. The insets show
comparisons of the measured polarized Raman lines and the
calculated spectra.
60 70 80 90 100 110 120 130 140 150
wavenumber (cm-1)
R
am
an
 in
te
ns
ity
 (a
rb.
 un
its
) bulk
θ = 0°
↓
θ = 90°
↓↓
↓
↓
↓
↓
↓
↓
↓
↓ ↓ ↓
↓
↓
↓
↓
↓
100 K
100 K
50 100 150 200 250
1
2
hex. stacking
polarized expt.
R
am
an
 in
te
ns
ity
 (a
rb.
 un
its
)
monolayer
θ = 0°
↓
θ = 90°
↓↓
↓
↓
↓
↓ ↓ ↓
↓
↓ ↓ ↓
↓↓↓↓
↓
50 100 150 200 250
1
2
3% strain
polarized expt.
possible that the encapsulating layer affects the transi-
tion in ultra thin samples.
The measured Raman spectra for the bulk and mono-
layer are remarkably similar, both in peak locations and
relative peak heights. Most of the discernible peaks shift
by less than 1 cm−1 in going from bulk to monolayer.
Our calculations, on the other hand, show a stronger de-
pendence on dimensionality. Fig. 7 shows the calculated
1L spectrum (c), alongside the hexagonally-stacked bulk
spectrum (e). To highlight mode shifts, we show the Ag
modes in red and the Eg modes in black. As in the exper-
iments, the 1L and bulk spectra are similar, except the
spectrum generally hardens upon thinning, particularly
in the folded-back acoustic group, where the Ag modes
harden by ∼ 1 cm−1 and the Eg modes harden by up to
∼ 20 cm−1.
This discrepancy between theory and experiment may
be caused in part by approximations made in our DFT
calculations. For similar materials, LDA frequencies are
typically within 5-10 cm−1 of experiment.49 In addition,
it is likely that substrate-induced effects, such as strain
and screening, which are not taken into account in our
calculations, are important.
In general, positive strain and enhanced screening tend
to soften vibrational frequencies. In the absence of a
substrate, the reduced screening in a monolayer tends to
harden the phonon modes, as seen in our calculations.
The presence of a dielectric substrate in the experiments
mitigates this effect. To explore the effect of strain, we
calculated the Raman modes (Fig 7(b)) for a 1L un-
der 3% strain as an example. Straining the monolayer
in our calculations generally softens the modes, bring-
ing the folded-back acoustic group into better agreement
with the measurement, while over-softening the folded-
back optical group. Since we did not include substrate
screening in our simulations, the relative importance of
strain and screening remains unclear.
As with the undistorted case in Sec. IV A, the bilayer
(Fig. 7(d)) has ultra-low frequency modes, associated
with interlayer shear and breathing. The breathing mode
(Ag) is calculated to be ∼ 30 cm−1 lower than in the
undistorted case, indicating that the coupling between
layers is weaker in the C phase; indeed, the structure
swells by 0.1 A˚ in the distortion. In comparing Fig. 7(c)
and (d), two 2L Raman modes stand out above and below
the 1L optical group range: an Eg mode around 210 cm
−1
and a Ag mode around 425 cm
−1. These modes evolve
from IR-active 1L modes near 215 cm−1 and 415 cm−1
respectively (not shown). As discussed in Sec. IV A for
the undistorted case, the modes can switch from IR to
Raman depending on whether n is even or odd.
Polarized Raman measurements differentiate modes of
different symmetries. For the low-temperature phase of
1T-TaS2, this allows for a more detailed comparison of
theory and experiment while potentially distinguishing
between different c-axis orbital textures. In the C phase
monolayer and hexagonally-stacked bulk, the Ag and Eg
modes depend differently on the relative angle θ between
the polarization of the incident and scattered light. In
back-scattering geometry with parallel polarization (θ =
0), both Ag and Eg modes are detectable. If incident and
scattered light are cross polarized (θ = 90◦), the intensity
of the Ag modes become zero, leaving only the Eg modes.
In contrast, with triclinic stacking of the bulk C phase,
all Raman modes have the same symmetry, meaning they
should all have the same dependence on θ.
In Fig. 8, we plot the measured polarized Raman spec-
tra for bulk and monolayer samples at 100 K comparing
parallel and cross-polarized configurations. These plots
focus on the frequency range of the folded-back acoustic
modes since these modes provide the clearest signature
of the C phase. The results are similar for the bulk and
monolayer, and agree well with an early polarized Raman
study.48
For both the bulk and monolayer, we measure two
types of modes with different θ dependence, consistent
with Ag and Eg modes. A line by line comparison of the
measured bulk frequencies shows strong agreement with
the Ag and Eg modes calculated for hexagonal stack-
ing. Most modes are a few cm−1 higher than the mea-
sured frequencies, as is typical within LDA, which tends
to overbind the lattice.49 For the monolayer, neither the
strained nor unstrained calculations match the measured
7spectrum as closely. We conclude that the primary rea-
son is a lack of substrate effects in our calculations.
The good agreement with the calculated Ag and Eg
modes for hexagonally-stacked bulk is surprising since
diffraction data do not support pure hexagonal stacking
in bulk samples.32–34 It is likely that the c-axis orbital
texture is more complex, involving both hexagonal and
triclinic alignment between adjacent layers, as suggested
by Ref. 35. Our data are inconsistent with a random
or triclinic stacking unless the individual layers are so
weakly coupled in the bulk that they vibrate like nearly
independent monolayers.48
V. CONCLUSIONS
We have calculated the phonon modes of both the
undistorted and C phases of 1T-TaS2 in the bulk and
ultrathin limits. We also measured the C phase Ra-
man spectrum in bulk and thin samples. Through our
calculations, we identified the low-frequency folded-back
acoustic Raman modes as a signature of the C phase;
these modes conveniently lie in a low-frequency range
that does not overlap with optical modes, and in which
there are no zone-center modes in the undistorted phase
and very few in the NC phase. In our measured Raman
spectra, these modes persist down to 1L, which is below
the critical thickness previously suggested for the NC-C
transition.10 The NC phase consists of C phase domains
separated by metallic interdomain regions. As the tem-
perature is lowered, the domains grow as the transition is
approached. Tsen, et al. observed commensuration do-
mains ∼ 500 A˚ in length at 100 K in a 2 nm-thick sample
(∼ 3 layers).14 Our measurements show that at 100K, the
monolayer has transformed into the C phase, or at least
has C domains larger than our laser spot size of 1 µm.
This suggests that the barrier for the NC-C transition is
lower in the monolayer than in few-layer samples, though
further investigation is needed, particularly regarding the
impact of substrates and overlayers on the transition.
Recently, there has been interest in the effect of c-axis
orbital texture on conduction, with the hope of control-
ling it.13 It would be useful to have a way to quickly
identify the c-axis order in these materials. Since dif-
ferent stackings have different symmetries, comparison
of cross-polarized and parallel-polarized Raman experi-
ments could provide information about the orbital tex-
ture of the bulk or few-layer crystals. For example,
Ritschel, et al. have proposed a 2L 1T-TaS2 device oper-
ating in the C phase. The ‘on’ state would be conducting
with triclinic stacking, the ‘off’ state would be insulating
with hexagonal stacking, and the switching mechanism
could perhaps be an external field.13 In testing the pro-
posed switching mechanism, polarized Raman could pro-
vide an easy way to determine a change in the orbital
texture of the sample.
More generally, our analysis of the 1T vibrational
modes complements the existing literature that focuses
on the 2H phase of TMDs. Although the 2H structure
is more common, synthesis of metastable 1T phases has
been investigated.50–52 Besides aiding interpretation of
the Raman modes of C phase 1T-TaS2, our analysis of
the undistorted phase is more broadly applicable to other
1T materials.
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